The cardiac extracellular matrix, composed predominantly of collagenous fibers, forms a stress-tolerant network that facilitates the distribution of forces generated in the heart and provides for proper alignment of cardiac myocytes. Although considerable information exists regarding the morphological organization of the heart extracellular matrix, little is known about the regulation of the synthesis and accumulation of extracellular matrix components. A potentially significant factor in the cardiovascular system is mechanical stimulation including changes in physical tension (Circulation Research 1991;69:116-122) T he arrangement of the extracellular matrix (ECM) of the heart is intimately associated with cardiac function during development and disease (for reviews, see References 1-3). The complex three-dimensional arrangement of glycoproteins and proteoglycans forms an elastic, stress-tolerant network in response to physiological signals such as changes in pressure and volume. Although several distinct types of collagen exist in the ECM, the cardiac interstitium is composed predominantly of type I and III collagens. Previous structural and biochemical studies have shown definitively the dynamic nature of the interstitial matrix of the heart.4-6 During physiological hypertrophy of the neonatal heart5-7 and in early stages of adult pressure-overload hypertrophy, the arrangement of the ECM and, in particular, the interstitial collagens is altered.89 Total collagen volume also is disproportionately increased during the rapid growth of the neonatal rat heart10 and in the hypertrophied adult myocar- dium.4"1112 Recently, it has been demonstrated that the relative proportions of the type III and type I collagen proteins also are altered in the hypertrophied rat myocardium.13 These changes in the organization and accumulation of the interstitial collagens can be correlated with concurrent changes in myocardial compliance.4 It has become increasingly evident that elaborate changes occur in the synthesis and organization of the interstitial collagens during periods of increased pressure and growth in the heart. These ECM components are thought to play important roles in the function of the heart, such as in the compliance of the heart wall,4 in the proper alignment of the cardiac cells,7,14 and in myofibrillogenesis.15 As such, it is important to understand how the synthesis, accumulation, and organization of the ECM components are regulated in the heart. Initial investigations have shown that the fibroblasts located within the myocardium are responsible for the synthesis of the interstitial collagens.16 Although the fibroblasts are responsible for interstitial collagen synthesis, the attachment of the collagen fibers to the surface of myocytes is an essential contribution to the threedimensional arrangement of the ECM.17 It is clear then that the organization of the heart ECM involves the interaction of a number of cell types.
T he arrangement of the extracellular matrix (ECM) of the heart is intimately associated with cardiac function during development and disease (for reviews, see . The complex three-dimensional arrangement of glycoproteins and proteoglycans forms an elastic, stress-tolerant network in response to physiological signals such as changes in pressure and volume. Although several distinct types of collagen exist in the ECM, the cardiac interstitium is composed predominantly of type I and III collagens. Previous structural and biochemical studies have shown definitively the dynamic nature of the interstitial matrix of the heart.4-6 During physiological hypertrophy of the neonatal heart5-7 and in early stages of adult pressure-overload hypertrophy, the arrangement of the ECM and, in particular, the interstitial collagens is altered.89 Total collagen volume also is disproportionately increased during the rapid growth of the neonatal rat heart10 and in the hypertrophied adult myocar-dium.4"1112 Recently, it has been demonstrated that the relative proportions of the type III and type I collagen proteins also are altered in the hypertrophied rat myocardium.13 These changes in the organization and accumulation of the interstitial collagens can be correlated with concurrent changes in myocardial compliance.4
It has become increasingly evident that elaborate changes occur in the synthesis and organization of the interstitial collagens during periods of increased pressure and growth in the heart. These ECM components are thought to play important roles in the function of the heart, such as in the compliance of the heart wall,4 in the proper alignment of the cardiac cells,7,14 and in myofibrillogenesis.15 As such, it is important to understand how the synthesis, accumulation, and organization of the ECM components are regulated in the heart. Initial investigations have shown that the fibroblasts located within the myocardium are responsible for the synthesis of the interstitial collagens.16 Although the fibroblasts are responsible for interstitial collagen synthesis, the attachment of the collagen fibers to the surface of myocytes is an essential contribution to the threedimensional arrangement of the ECM.17 It fibroblasts. Liquid scintillation counting of appropriate bands cut from gels reveals similar ratios as those obtained from laser scanned gels (Table 1) . Analysis of stretched and control cells also shows an increase in the hydroxyproline accumulation in stretched cells, indicative of an overall increase in collagen accumulation (data not shown).
mRNA Analysis Northern blot analysis of total RNA from nonstretched, static stretched, and cyclic stretched fibroblasts probed with pHCALlU illustrates two al(I) transcripts of 6.7 and 4.8 kb ( Figure 3A) . Hybridization with pHCAL2 illustrates a major band of 5.4 kb and a minor species of 5.8 kb, indicative of a2(I) mRNAs ( Figure 3B ), whereas pHFS3 hybridizes to a single transcript of 4.6 kb for a1(III) mRNA ( Figure  3C ). Density scans of the autoradiographs illustrate that type III procollagen mRNA increases approximately twofold after 24 hours of cyclic stretch, whereas type I procollagen mRNA does not change (not shown).
In situ hybridization of fibroblasts with collagen RNA probes was used to verify that collagen expression was changing in response to 24 hours of stretch. Low magnification micrographs of in situ hybridization with the type III collagen probe illustrates that cardiac fibroblasts, like myocytes, undergo a change from a random orientation to an orientation perpendicular to the direction of stretch ( Figure 4A ). Higher magnification micrographs illustrate the specificity of the a1(III) (Figures 4C and 4D ) and al(l) ( Figures 4E and 4F ) procollagen probes. These also illustrate the higher density of grains over cyclic stretched cells ( Figure 4D ) relative to nonstretched cells ( Figure 4C ) with the type III collagen probe. The grain distribution over nonstretched ( Figure 4E ) and cyclic stretched ( Figure 4F ) cells is very similar with the al(I) procollagen probe. Figure 4B Figure 5 ).
Dot blot analysis was used to examine the temporal response of collagen expression to stretch. These data illustrate no significant increase in al(I) (Figure 6 ) or a2(I) (data not shown) procollagen mRNA levels at any of the time points analyzed. This also shows that type III procollagen mRNA levels increase by 12 hours after the start of stretch ( Figure 6 ).
Discussion
The continued development of the neonatal rat heart involves a number of biochemical and structural changes,5'36 including the rapid development of the myocardial collagenous network that surrounds and connects to the cardiac myocytes.6"14 Likewise, the pressure-overload hypertrophied myocardium undergoes an elaborate rearrangement of the cardiac ECM.4,8 9 These studies illustrate the dynamic nature of the cardiac ECM. Although a number of studies have described the structural and biochemical changes that occur in the developing and diseased heart, very little is known regarding the induction of these processes. A common factor in these developmental and disease states is increased pressure and mechanical tension in the heart. Although this may be important, the precise roles of chemical and physical factors in ECM synthesis and organization in the heart remain to be elucidated.
An important question is how increases in pressure or tension during development and disease result in structural rearrangement of the ECM and alterations in the expression of specific genes in heart cells. those from the in vivo hypertrophy studies, in that the collagen type Ill/type I protein synthetic rates increase in response to stretch. The data presented here also illustrate that the alterations seen in the proportions of the type I and type III collagens is at least partly regulated at the level of the collagen mRNAs.
The functional significance of changes in the relative proportions of type I and type III collagens in the interstitium has not been absolutely determined; however, several investigators have pointed out the structural differences in these collagens. Changes in the ratios of type I to type III collagen may result in altered elasticity of the heart wall. The results presented here agree with those from the in vivo hypertrophy studies, in that the collagen type 111/type I protein synthetic rates and type III mRNA levels increase in response to stretch. However, using only 5% stretch for short periods of time (24 hours), we did not detect changes in type I collagen mRNA levels. Further studies are being carried out to elucidate the differences in the response of type I and type III collagen expression to stretch. These include experiments changing the duration and force of the applied stretch of the fibroblasts.
A number of studies have illustrated the effects of various chemical factors on collagen gene expression, including transforming growth factor ,19,20 glucocorticoids,37 and ascorbic acid.39 Cell density,40 growth rate,41 and ECM environment23 also have been demonstrated to influence collagen synthesis in vitro. However, few studies have looked directly at mechanical stimulation of collagen expression. The data presented here show a specific increase in type III collagen in response to cyclic stretch. It presently is not clear how mechanical stretch is transduced into increases in collagen expression; however, secondmessenger systems may be involved in this process.22 It also is not known if mechanical stretch may act synergistically with any of the previously mentioned chemical factors known to influence collagen synthesis. Experiments using cells cultured in defined media will be required to examine these questions. The data presented here indicate this to be an excellent system to begin to address these questions.
